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Abstract
Aiming to impart epoxy resin (EP) with flame retardancy, magnesium hydroxide (MDH) was sequentially functionalized with 
four transition metals and polydopamine (PDA) to prepare MDH@M-PDA (M includes  Fe3+,  Co2+,  Cu2+,  Ni2+). Compared 
with MDH, MDH@M-PDA presented better dispersion in EP matrix. The results illustrated that a 30 mass% of MDH@
Fe-PDA imparted the EP matrix with best fire retardancy and thermal stability. Specifically, the resultant EP/MDH/MDH@
Fe-PDA composites remarkably reduced flammability, which is reflected by high LOI value of 29.3% and UL-94 V-0 ratings. 
The peak heat release rate (PHRR) and total smoke production (TSP) were reduced by 52% and 21%, respectively. Moreover, 
the impact and tensile strength of EP/MDH/MDH@M-PDA composites are improved compared with EP/MDH due to the 
better chemical compatibility of PDA in the EP matrix. Notably, this work provided a feasible design for organo-modified 
MDH and enriched its practical applications of MDH as functional fillers to polymers.
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Introduction

Epoxy resins (EP) have prominent mechanical property, 
agglutinate property, electrical insulating and thermal sta-
bility, etc., which is widely applied in aerospace, automotive 
and electronic devices [1–6]. However, EP has high flam-
mability, which will imperil to life safety and environmental 
safety, and restricting the practical applications in a num-
ber of fields [7, 8]. Therefore, improvement of the flame 
retardancy of EP composites is essential and adding flame 
retardant into EP resins is an effective method to change its 
flammability disadvantages. In the existing flame retardant 
system, halogen flame retardant has good flame-retardant 
properties, while it is forbidden because of its threat to envi-
ronment and human health [9–13]. Over the past time, as a 
halogen-free flame retardant, magnesium hydroxide (MDH) 
has received widespread attention in terms of polymer flame 
retardant with the advantages of non-toxicity, environmen-
tally friendly, and good smoke-suppressing properties [14, 
15]. However, compared with halogen flame retardants, 
to achieve a considerable flame retardant effect, the fill-
ing amounts should generally reach more than 60 mass% 
[16–18]. MDH as an inorganic material, if its filling amount 
reaches a high value in the EPs, their mechanical properties 
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will be reduced significantly. MDH often needs further mod-
ification to improve the impact properties, tensile strength 
and other mechanical properties of composite materials. For 
examples, Meng et al. [14] prepared bio-based flame retard-
ant (MDH@M-Phyt, M = Cu, Zn) by precipitation method, 
which acted in the PVC matrix. Compared with PVC/MDH, 
10 phr PVC/MDH@M-Phyt had increased flame retardant 
and mechanical properties, and the peak heat release rate 
of MDH@Zn-Phyt had decreased by 33.5%. Yao et al. [16] 
synthesized boric acid (BA) crosslinked polyphosphazene 
(PZN)-modified MDH (MDH-PZPI-BA) and used ethyl-
ene vinyl acetate (EVA) as matrix. The tensile strength and 
elongation at break of 55 mass% EVA/MDH-PZPI-BA were 
enhanced by 26.1% and 33.5% compared to EVA/MDH. 
Therefore, it was promising and worthwhile to improve 
the mechanical properties of modified MDH composites, 
accompanied by the maintenance of MDH fire retardancy.

In recent years, dopamine hydrochloride (DOPA) had 
attracted wide attention because of its various surface 
deposition properties [19–21]. In an alkaline aqueous solu-
tion, DOPA can form polydopamine (PDA) through self-
polymerization [20]. Because PDA has strong adhesion 
on various surfaces, it can be used as a universal surface 
modifier, which has applications in electrochemistry, bio-
medical engineering, membrane technology, etc. [21–24]. 
In addition, PDA can simultaneously provide a large number 
of active catechol groups for further modification and free 
radical scavenging ability, which strongly indicates that PDA 
can be used to modify the surface of MDH flame retardants 
[25, 26]. In addition, it has been found that transition metal 
compounds can improve the flame-retardant and smoke-
suppressing properties of composites [27]. For example, 
the chelation reaction of iron ion, copper ion, cobalt ion 
and nickel ion with the ligand with flame retardant element 
can improve the flame retardant performance of the flame 
retardant ligand [28–34].

In the study, one-pot reaction was used to prepare flame-
retardant composite materials, polydopamine (PDA) was 
loaded with transition metal ions to modify magnesium 
hydroxide, and unmodified magnesium hydroxide was used 
as a control group for comparative experimental study. In 
study, the mechanical, flame retardant, and smoke-suppress-
ing properties of epoxy resin compounds were studied.

Experimental

Materials

MDH was bought from Liaoning Jinghua New Material 
Co., Ltd (Liaoning, China). Tris (hydroxymethyl) ami-
nomethane (Tris), iron (III) chloride  (FeCl3), Cobalt (II) 
chloride  (CoCl2), Nickel (II) chloride  (NiCl2) and Copper 

(II) chloride  (CuCl2) were obtained from Tianjin Damao 
Chemical Reagent Factory (Tianjin, China). 4,4-Diminodi-
phenyl sulfon (DDS) and Dopamine hydrochloride (DOPA) 
were purchased from Shanghai Macklin Biochemical Co., 
Ltd (Shanghai, China). EP (EP-44) was supplied by Nantong 
Xingchen Synthetic Material Co., Ltd (Nantong, China). All 
reagents were of analytical grade purity and were used as 
received.

Synthesis of MDH@M‑PDA composites

MDH (5 g) was added to there-necked equipped with deion-
ized water (1000 mL) and ultrasonically shaken for 30 min. 
After that, dopamine hydrochloride (DOPA, 5 g) and Cobalt 
chloride  (CoCl2, 0.6 g) were added to MDH solution under 
conditions. The pH was adjusted to 8.5 with Tris buffer and 
stirred at 40 ℃ for 12 h [35]. Subsequently, the solution was 
washed with deionized water. Subsequently, it was soaked in 
deionized water and slowly stirred for three days to remove 
unbound PDA. Finally, the product as MDH@Co-PDA was 
collected after filtering, washing with deionized water, dry-
ing at 60 ℃. MDH@Fe-PDA, MDH@Ni-PDA, and MDH@
Cu-PDA were prepared by the same method. The route for 
synthesis is illustrated in Scheme 1.

Preparation of EP and EP composites

A 100 mL beaker containing EP (10 g) and DDS (3.57 g) 
was placed in an oil bath at 150 ℃ and with vigorous 
magnetic stirring. After the curing agent was completely 
dissolved into a brownish yellow solution, MDH and 
MDH@M-PDA were added to the solution and stirred for 
3 min. After that, the mixture was put to a vacuum oven to 
degas for 2 min and then poured it into the iron mold which 
was needed to be preheated in the 160 ℃ oven and coated 
with dimethylsilicone oil as release agent. The curing pro-
cedures were set at 160 ℃ for 1 h, 180 ℃ for 2 h and 200 ℃ 
for 1 h, and the heating rate was 2 ℃  min−1 [3]. The above 
method was used to prepare other products, and the detailed 
ratio is shown in Table 1.

Characterizations

The elements in flame retardants were analyzed energy-
dispersive X-ray spectroscopy (EDX). The scanning elec-
tron microscope (SEM) obtained by JEOL JSM-6360LV 
showed the microscopic morphology of the flame-retard-
ant. X-ray diffraction (XRD) characterized the crystal-
line form of diffraction patterns and XRD was acquired 
by D8-ADVANCE with a target of Cu-Ka. The molecu-
lar structure of the flame-retardant was characterized by 
Fourier transform infrared (FTIR) spectra, which was col-
lected on Nicolet MNGNA-IR560 infrared spectrometer 



13303Investigation of magnesium hydroxide functionalized by polydopamine/transition metal ions…

1 3

in the range from 4000 to 400  cm−1 at room temperature. 
Limiting oxygen index (LOI) and vertical combustion 
(UL-94) generally analyzed the flame retardant of com-
posite materials. UL-94 measurements were carried out by 
ASTMD380, and the sheet size was 127 × 12.7 × 3  mm3. 
LOI values were conducted on JF-3 oxygen index instru-
ment, and it provided a sheet dimension was 127 × 6.5 × 3 
 mm3 by ASTM D2863-13. The thermal decomposition 
process of composites was presented by thermogravimet-
ric analysis (TGA), which is heated to 800 ℃ by STA449C 
under nitrogen at a rate of 10 ℃  min−1. The combustion 
performance of the composite material was presented by 
the cone calorimetry test, which was based on ISO 5660–1 
with a heat flux of 50 kW  m−2 and the sample size was 
100 × 100 × 4  mm3. The composition of residual char was 
studied by Raman spectroscopy, which was obtained by 
Horiba science LabRAM HR at 523 nm laser. Impact test 
of unnotched splines was conducted on an impact testing 
machine, according to ISO 2932003. Tensile test was per-
formed on the tensile testing machine (9250 HV, Instron 
Engineering Corporation) following GB/T528-2009 
procedure.

Results and discussion

Structure of MDH@M‑PDA flame retardants

The morphology of MDH and MDH@M-PDA were 
observed by SEM. Figure 1a shows the block structure of 
MDH, which indicates that MDH was agglomerated obvi-
ously. Figure 1b–e shows the surface of MDH after modifica-
tion that the level of disaggregation of particles is improved, 
which may improve the dispersion of MDH-related particles 
in the polymer matrix. Then, EDX tests are carried out for 
MDH@Co-PDA, MDH@Cu-PDA, MDH@Ni-PDA and 
MDH@Fe-PDA as shown in Fig. 2a–b. The contents of dif-
ferent transition metal ions of MDH@M-PDA are listed in 
Table 2. The result shows that the modified MDH has transi-
tion metal elements and Mg elements, surrounding on the 
particle surface [36].

The Fourier transform infrared spectra of the FRs are 
shown in Fig. 3. For PDA, the typical peaks that emerged 
at 3347  cm−1 and 1498  cm−1 are attributed to the stretching 
vibration of carbonyl group in catechol structure and shear 
vibration of N–H bonds [21]. For MDH, the typical peak at 
3702  cm−1 corresponds to -OH. There are some differences 
about some special peaks of MDH@Fe-PDA. For exam-
ple, the typical peaks of PDA at 3347  cm−1and 1498  cm−1 
almost disappear in MDH@Fe-PDA peaks, which is attrib-
uted to tendency of  Fe3+ to combine with the O atoms of 
the carbonyl group and the N atoms of the amino group 
[35]. The MDH@Fe-PDA peak intensity (3702  cm−1) was 
significantly reduced relative to that of MDH. It is probably 
due to that MDH surface was coated with PDA molecules 
with strong adhesion ability. Figure 3b shows FTIR spec-
tra of MDH surface modification by PDA loaded with four 
transition metal ions. Figure 3a shows that the typical peaks 

Scheme 1  Synthesis route of 
MDH@M-PDA composites
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Table 1  Composition of the samples

M includes  Fe3+,  Co2+,  Cu2+,  Ni2+

Sample Epoxy resin/g 4,4-Dimi-
nodiphenyl 
sulfon/g

MDH/g MDH@M-
PDA/g

EP 10 3.57 – –
EP/MDH 10 3.57 3 –
EP/MDH/

MDH@M-
PDA

10 3.57 2.3 0.7
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of MDH@Co-PDA, MDH@Ni-PDA, MDH@Cu-PDA and 
MDH@Fe-PDA are the same. It can be considered that 
 Co2+,  Ni2+ and  Cu2+ can also be combined with the C = O 
oxygen atom and NH nitrogen atom in PDA [37].

The XRD curves of MDH and MDH@M-PDA are shown 
in Fig. 4. Specifically, MDH@M-PDA also has the same 
typical XRD spectrum as MDH. This shows that the syn-
thesis of modifier does not influence the crystal structure 
of MDH remarkably. Moreover, the several peaks located 
at 12.14°, 18.85°, 38.02°, 50.89°, 58.71° and 62.24° are 
ascribed to (001), (101), (102), (110), (111), (103) crystal 
faces of MDH, respectively.

Thermal stability of EP and EP composites

Thermal decomposition behavior and char residue of com-
posite materials were carried out by TGA in the atmosphere 
of  N2. The relating experimental parameters are listed in 
Table 3, and the curves are shown in Fig. 5. After adding 
Fe-PDA, the  T5%  (T5% is defined as the temperature cor-
responding to 5 mass% mass loss) of EP/MDH composites 
decreased by 2 ℃. This is mainly because Fe-PDA has the 
ability to catalyze carbonization, which will cause composite 
to decompose in advance [3]. Although the addition of flame 

retardant did not increase the  T50% of the composites, the 
 C750  (C750 means char yield at 750 °C.) of the composites 
increased. EP/MDH had the highest  C750 at 30%, mainly 
because MDH decomposes endothermically and forms sta-
ble oxides on the surface of the composite. Moreover, after 
adding MDH@M-PDA, the  C750 of the composites is no 
different from that of EP/MDH (Fig. 6).

Combustion behavior

The flammability of composites is investigated by limiting 
oxygen index (LOI) and vertical combustion burning tests 
(UL-94). The LOI value is 20.5% for pure epoxy resin and 
its UL-94 vertical burning test exhibited no rating. The LOI 
value of composites with 30 mass% MDH increases signifi-
cantly to 26.5%. It is because MDH itself has the potential 
of endothermic decomposition, and it can reduce the sur-
face temperature of the sample. During the ignition process, 
a protective oxide layer with highly quality and not easily 
decomposed by heat is formed on the polymer surface to 
further prevent polymer degradation, and it improves the 
flame-retardant of composites [14]. MDH is modified by 
Fe-PDA, Co-PDA, Cu-PDA and Ni-PDA, respectively, and 
adds to EP/MDH composites to improve the LOI value of EP 

Fig. 1  SEM images of (a) MDH, b MDH@Co-PDA, c MDH@Cu-PDA, d MDH@Ni-PDA, e MDH@Fe-PDA
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composites, which shows that different kinds of transition 
metal ions can promote the flame-retardant of composites in 
varying degrees. Notably, the composites containing  Fe3+ 
with the highest LOI value (29.3%) and passes UL-94 V-0 
rating. This is mainly because the catalytic performance of 

 Fe3+ is higher than that of the other three transition metals, 
so that more graphitic carbon is generated when the com-
posite is burned, thereby improving the quality of carbon 
residue. This is consistent with Raman spectra results.

For a more detailed simulation of a realistic fire scenario, 
cone calorimeter test (CCT) is carried out for EP and EP 
composites [38, 39]. EP exhibits a peak heat release rate 
(pHRR) of 718 ± 18 kW  m−2 at 114 s (Fig. 7a). Compared 
with pure EP, EP composites with 30 mass% pristine MDH 
have a slower heat release rate (HRR). Moreover, compared 
with EP materials and EP/MDH, MDH@M-PDA-modi-
fied EP/MDH composite materials have lower exothermic 
strength and slower HRR. Typically, the EP/MDH/MDH@
Cu-PDA performs the lowest pHRR. This indicates that 
 Cu2+ can effectively protect the EP matrix from heat and 
combustible gases. EP/MDH/MDH@Cu-PDA increases the 

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

cps/eV

keV
1 2 3 4 5 6 7 8

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

cps/eV

keV
10 2 3 4 5 6 7 8

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

cps/eV

keV
1 2 3 4 5 6 7 8

1.4

1.6

1.8

2.0

2.2

1.2

1.0

0.8

0.6

0.4

0.2

0.0

cps/eV

keV
42 6 8 10 12 14

Ni Fe

Co Cu

MgCoC O
N

Co

MgNiC O
N

Ni Mg
Fe

Fe
C
O

N

Mg
Cu

C O
N

Cu

(a) (b)

(c) (d)

Fig. 2  EDX data of (a) MDH@Co-PDA, b MDH@Cu-PDA, c MDH@Ni-PDA, d MDH@Fe-PDA

Table 2  The content of atoms

M includes  Fe3+,  Co2+,  Cu2+,  Ni2+

Sample SEM (The content of atoms/mass%)

O C Mg N M

MDH@Co-PDA 46.07 29.50 16.09 7.97 0.37
MDH@Cu-PDA 38.18 25.12 31.22 3.69 1.78
MDH@Fe-PDA 45.52 30.70 17.63 3.78 2.36
MDH@Ni-PDA 35.42 37.43 15.64 7.06 4.45
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Table 3  The TGA data of composites

Sample T5 mass%/°C T50 mass%/°C Residue at 
750 ℃/% 
 (C750)

EP 390 439 17
EP/MDH 363 413 30
EP/MDH/MDH@Fe-PDA 365 413 29
EP/MDH/MDH@Co-PDA 361 410 27
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EP/MDH/MDH@Ni-PDA 372 418 28
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burning time from 445 to 850 s compared with EP (Fig. 7b). 
It indicates that the combustion behavior changes from 
typical non-carbonized material (EP) to typical carbonized 
material (EP/MDH/MDH@Cu-PDA) to further extend the 
burning time.

In a fire hazard, the main cause of the critical factor con-
cerning human survival is a large amount of toxic smoke 
and toxic gas produced by polymer matrix in the fire [32]. 
Thus, improving the smoke suppression of polymer materi-
als has important practical significance [40–42]. It can be 
seen in Fig. 7c, the curves of the smoke production rate 
(SPR), and it has a similar trend to that of the heat release 
rate (HRR), which is probably due to the burning of more 
volatiles, thereby producing more heat release and combus-
tion product. The peak of SPR (pSPR) values of the EP com-
posites with addition of MDH has reduced to 0.144  m2  s−1. 
It is due to that the endothermic decomposition of MDH 
and the release of nonvolatile gas delay the combustion rate, 

and the metal oxide is produced by MDH forms a protective 
layer on the surface of EP composites, which will block the 
transmission of combustible gas and heat radiation, so as 
to inhibit the combustion of decomposed gas [43]. Moreo-
ver, the pSPR of EP/MDH/MDH@M-PDA (M here refers 
to  Fe3+,  Co2+,  Cu2+, and  Ni2+ in turn) is reduced to 0.106 
 m2  s−1, 0.100  m2  s−1, 0.085  m2  s−1, 0.112  m2  s−1. The pos-
sible reason is that the catechol functional group in PDA has 
strong free radicals scavenging activity, which can remove 
the generated free radicals during combustion to inhibit the 
combustion and degradation rate of EP composites and to 
correspondingly reduce the supply of gaseous fuel, toxic 
gases and the emission of smoke [44]. In addition, transition 
metal ions have the ability to catalyze carbonization and can 
catalyze the composites to form more aromatic char during 
the combustion process [45].  Cu2+ can effectively control 
the smoke release rate (SRR) in the combustion process of 
EP composites. So that, SRR and TSP of EP/MDH/MDH@
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Cu-PDA composites are always lower than other EP compo-
nents, which has excellent flue gas control effect.

In order to clarify the flame retardant mechanism of 
EP composites, the residual char composition of compos-
ites is investigated using the Raman spectra (Fig. 8). It is 
worth noting that the peaks at 1338  cm−1 and 1600  cm−1 
are owned to the  A1g ring stretching vibration mode of dis-
ordered carbon (D peak), first-order scattering of the  E2g 
symmetric vibration mode of graphite carbon (G peak) [20]. 
In addition, the ratio of D peaks area  (ID) to G peaks area 
 (IG) reflects graphitization degree in the graphite planes in 
carbonized polymers [20, 46]. Here, MDH is added to EP, 
and the value of  ID/IG is reduced to 2.45, and  ID/IG of EP/
MDH composites adding MDH@M-PDA is lower than that 
of EP/MDH, which releases more graphite carbon formed in 
modified EP/MDH composites residual char [47, 48]. This 
shows that transition metal ions play a certain catalytic role 

in the carbonization of EP matrix, and the quality of residual 
char is improved, and it is same of the TGA and CCT results.

Mechanical behavior of EP composites

Non-notched impact tests and tensile tests were used to study 
the mechanical behavior of composites. Table 4 shows the 
impact strength, tensile strength and elongation at break 
data of EP and EP composites. It can be seen from Fig. 9a 
that the impact strength of neat EP is 4.674 kJ  m−2, and 
the impact strength of EP composites increases after adding 
flame retardant. Moreover, the impact strength of EP com-
posites with MDH@M-PDA is higher than that of EP/MDH 
composites. It is possible that the surface energy of MDH 
functionalized by PDA is reduced and the surface polarity is 
changed, so that MDH can be better dispersed in EP matrix. 
In addition, the PDA has the hydroxyl and amine groups, and 
it has better chemical compatibility with EP [19]. Compared 
with EP/MDH, the addition of modified MDH significantly 
improves the impact strength. Typically, the impact strength 
of EP/MDH/MDH@Fe-PDA and EP/MDH/MDH@Ni-PDA 
is 9.1 kJ  m−2 and 9.2 kJ  m−2, respectively, an increase of 
54.2% and 55.9%.

As shown in Fig. 9b, the stress–strain curves of EP com-
posites belong to a typical brittle fracture characteristic. 
It can be seen from Fig. 9c that the tensile strength of EP 
(27.72 MPa) is the lowest. In detail, the tensile strength 
for EP/MDH/MDH@M-PDA exhibits an increase around 
14.2%, 14.8%, 11.9% and 5.7% compared with EP/MDH 
composites (37.9 MPa). This is because after the compound 
is added to the surface functionalized MDH, the specific sur-
face area of the compound increases and its surface polarity 
is reduced, thereby increasing the force between the matrix 
and the flame retardant, which increases the tensile strength. 
The agglomerates flame retardants become broken, which 
reduces the number of agglomerates of flame retardants in 
EP composites, thereby improving the tensile strength of 
EP composites. Moreover, as shown in Fig. 9d, EP/MDH/
MDH@Fe-PDA has the highest elongation at break in all 
samples, and it may be caused by the better adhesion of the 
flame retardant with the effect of  Fe3+ to the substrate, which 
makes EP composites to have better toughness. In order to 
study the dispersion of flame retardants in the matrix, SEM 
analysis of the cross section of EP composites was carried 
out. As shown in Fig. 10a–e, the cross section of the modi-
fied filler-filled composite material is more homogeneous, 
and there is no defect marked by the red circle in Fig. 10a, 
which indicated that the dispersion of fillers in the matrix 
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Table 4  The impact strength, tensile strength and elongation at break 
data of EP and EP composites

Sample Impact 
strength/kJ 
 m−2

Tensile 
strength/
Mpa

Elongation 
at break/%

EP 4.674 27.72 5.83
EP/MDH 5.881 37.91 10.22
EP/MDH/MDH@Fe-PDA 9.129 43.29 11.77
EP/MDH/MDH@Co-PDA 7.377 43.51 10.56
EP/MDH/MDH@Cu-PDA 6.503 42.38 9.78
EP/MDH/MDH@Ni-PDA 9.167 40.06 10.56
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was improved to a certain extent. Figure 10f–i is the map-
ping diagram of M (M includes Fe, Co, Cu, Ni).

Flame‑retardant mechanism of composites

Scheme 2 shows the flame retardant mechanism diagram of 
composite materials. Compared with EP/MDH composites, 
the EP/MDH/MDH@M-PDA composites have increased 
flame-retardant, smoke suppression and thermal stability, 
which mainly because M-PDA has the ability to catalyze car-
bonization and scavenge highly reactive radicals. In detail, 
for the EP/MDH/MDH@M-PDA composites, M-PDA can 
scavenge highly reactive radicals (H· and OH·) which is pro-
duced during combustion of EP composites, which can reduce 
the fuel that is required for polymer combustion, and it can 

improve the smoke suppression performance of polymer (see 
the CCT results). Meanwhile, transition metal ions can cata-
lyze carbonization. M will promote the formation of char bar-
rier with high degree of graphitization during EP composites. 
High quality residual char covers the surface of EP compos-
ites, so as to increase the thermal stability and flame-retardant 
of composites (see TGA, Raman spectroscopy results, Limit 
oxygen index and vertical combustion test). Moreover, the LOI 
value and UL-94 level of composites with flame retardant have 
greatly improved compared with EP, in which MDH plays a 
great role. MDH would produce nonflammable gas  (H2O) that 
diluted the concentration of oxygen and MgO, and MgO cov-
ers the polymer surface.
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Conclusions

In this study, transition metal-loaded PDA-modified MDH 
was used an additive flame retardant in EP composites. 
The smoke suppression, flame retardancy, and mechani-
cal properties of composite materials were studied. The 

results showed that adding modifier MDH@M-PDA can 
increase the flame-retardant and mechanical properties 
of EP/MDH. Those enhancements suppress smoke and 
flame-retardant were attributed to the ability of catalytic 
carbonization and intense radical scavenging activity of 
M-PDA. CCT result demonstrated that EP/MDH/MDH@

Fig. 10  SEM of the fractured surface morphology of (a) EP/MDH, b 
EP/MDH@Fe-PDA, c EP/MDH@Co-PDA, d EP/MDH@Cu-PDA, e 
EP/MDH@Ni-PDA, f Fe mapping of EP/MDH@Fe-PDA, g Co map-

ping of EP/MDH@Co-PDA, h Cu mapping of EP/MDH@Cu-PDA, i 
Ni mapping of EP/MDH@Ni-PDA

Scheme 2  Proposed flame 
retardant mechanism of com-
posites

MDH

MDH/M-PDA

Free radicals
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Gas phase

MDH decomposition realtion

Condensed phase

Heat & O2

EP/MDH/MDH@M-PDA



13311Investigation of magnesium hydroxide functionalized by polydopamine/transition metal ions…

1 3

Cu-PDA had the best smoke suppression performance, and 
the optimal composite EP/MDH/MDH@Fe-PDA showed 
a limiting oxygen index of 29.3% and UL-94 reaching V-0 
level compared with EP/MDH. In addition, the mechani-
cal properties were improved, which was reflected in 
the increase in tensile and impact strength by 14.2% and 
54.2%, respectively. Notably, through the comparison of 
mechanical properties, thermal stability, flame-retardant, 
and smoke-suppressing of flame retardants were modified 
by different transition metals, and it could be predicted 
which transition metals would be selected to modify the 
flame retardants in different fields.
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